Acta Universitatis Apulensis No. 77/2024
ISSN: 1582-5329 pp. 25-38
http://www.uab.ro/auajournal / doi: 10.17114/j.aua.2024.77.03

CHARACTERISING SMOOTHNESS OF TYPE A SCHUBERT
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ABSTRACT. The aim of this paper is to give a characterisation for smoothness of
type A Schubert varieties in terms of the exponents of their monomials. We extend
Smoothness of Schubert varieties in type A, from S, to Z;. As a consequence, we
give examples to support our results.
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1. INTRODUCTION

Schubert varieties are singular algebraic subvarieties of the flag varieties, indexed by
permutation matrices and studied in different types by means of linear algebra. The
Schubert varieties are the closure of the Schubert cells which form additive basis that
generate the cohomology ring. The basis for the cohomology ring are the geometric
and the algebraic basis. The Schubert polynomials are the geometric basis while the
monomials are the algebraic basis.

In [7], Lakshmibai and Seshadri, determined the singularities of Schubert vari-
eties by computing the set of points for which the Schubert varieties are singular.
Smoothness and singularities of Schubert varieties were also determined in [6] using
permutation pattern avoidance for the elements of the symmetric group. Infact they
describe this as the 4231 and 3412 permutation pattern avoidance.

In a paper of [1], Carrel determined smoothness of type A Schubert varieties
using the symmetric group of n letters. We extend the result of [1] in type A from
Sy, to ZF. This is done in terms of the exponents of the monomials of the Schubert
varieties.
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In Section 2 we give the basic definitions needed to proof our theorem. In Sec-
tion 3 we consideer the main results which is the characterisation of smoothness
using the exponents of the monomials of the Schubert varieties using the method
of Palindromic Poincare polynomials. Therefore the following problems arises nat-
urally: Can we extend the smoothness of Schubert varieties in type A to a more
general group of n letters? It is the purpose of this paper to give answers to this
question in the affirmative.

We shall first discuss the Schubert varieties as the subvarieties of the flag vari-
eties.

Let V = C™, which denotes a complex vector space of dimension n, A flag V, in
C™ is a sequence of ordered subspaces,

Voo CViCWVa G- C V=V (1)

S dimcV; = i where 0 < i < n.
The set of all such flags forms a smooth complex projective variety called the
full flag variety and denoted by F¢,(C) [2].

Remark 1. (i) The set of all k dimensional subspaces of an n dimensional vector
space, denoted by Gr(k,n), is called the Grassmannian variety which is an
example of a flag variety.

(ii) Flag varieties are smooth complex projective varieties because they can be em-
bedded into the products of the Grassmannians which are embedded into the
products of higher dimensional projective spaces by means of the Pliicker em-
bedding map.

n—1 n—1 n -1
Flo(C) = [ Grik,n) — HP( k ) . 2)
k=1 k=1

(iii) Flag varieties are seen to be homogeneous spaces since it has a transitive group
action and it is identified with the quotient group G/B also since for any
Ve € F,(C) and g € Gl,,(C) 3 gV = V] € F£,(C).

(iv) Flag varieties are compact homogeneous spaces because, there is an action of
the closed compact subgroup of Gl,,(C) known as the Unitary group U,(C) on
it. The action results in F{,(C) becoming a compact homogeneous space with

dimension @,Vn eN.
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The T — fized points are Flags associated to permutation matrices. Given that o
is a permutation in S, then the T-fixed point of a flag V, is

V& = (eo(1)) C{€s1)€0(2)) C -+ C {€x1)€o(2) " * Eo(n)) (3)

defined by
VS —oB={oB:oe€G}, (4)
where B = {a;; € Gl(n,C) 3 a;; = 0,Vi > j} is the Borel subgroup of the general
linear group G and o is a permutation matrix. There are n! of these permutation
matrices.
The elements of F/,(C)T embeds in F¢,(C) as the set of the T-fixed points.
The normalizer of T on G and Ng(7T')/T consist of the monomial matrices with only

one non-zero entry in each row and each column F/,(C)T = W = S, where W is
the Whyl group [2].

Example 1. Let 0 = 2413 where o0 € S,. The T-fixed point of the flag VI is

VY = (es(2)) C (€r2)€0(1)) C (€r(2)Co(1)€o(1)) C (€o(2)o(0)Co(1)o3))  (B)

The elements of the symmetric groups index B-orbits n! flag variety G/B and
they form the well known Bruhat decomposition theorem.

Theorem 1 ([3]). The general linear group G = Gl,(C) is a disjoint union G =
Hyew BoB.

The flag varieties are partitioned into cells arising from double Cosets, that is

F,(C)=G/B= ][] BsB/B= [] C» (6)

oESy oESy

called the Bruhat cell. Each Bruhat cell C; = CH?) where C19) is the affine space
and [(o) is the length of 0. The length of o is given by the number of inversions or
the no of transpositions or reflections of the permutation. The transitive closure of
the Schubert cells is known as the Schubert varieties denoted by

X, =G, =] 7)

v<o

where v < o defines a partial order on W = S, called the Bruhat order [2]. Hence

l(v) <l(o) .

27



A.P. Adetunji, H.P. Adeyemo, D.O.A. Ajayi, S.A. llori — Smoothness ...

Example 2. For the X, where o is the permutation of Sy, we show that we have a
Schubert variety .
Applying the definition of Schubert varieties we have

X4321 = U va (8)

v,(4321),€Z7 v<(4321)

X321 = Cu321 U Cuz12 U Ca231 | Ca21 U Ca132 | Ca213 U C3214 U C431
U C3241 U Craz2 | Ca123 U Caa13 U C3142 | C3214 |J Ca314 | Clra23
U Clza2 U Ca143 J C3124 U C2134 |J Cr243 U Ci324 | C2314 U Cr234.

Remark 2. (i) The Schubert varieties X, and its dual X° are irreducible subva-
rieties of the flag varieties F,(C) of dimension l(o) and n—1(c) respectively.

(ii) The dimension of the flag variety is related to the dimension of X, and X
by dim(X, + X7) = dimF{,(C).

The type A Schubert variety is said to be smooth if it is rationally smooth that
is if for all v, € X, the Poincare polynomials of the variety is equal one

The classes of the closure of the Schubert cells forms additive basis for the coho-
mology of F¢,(C). The homology of the flag varieties does not have a ring structure
but since the flag varieties F¢, (C) satisfies Poincare duality, this implies that there
exist an isomorphism from the homology to the cohomology of F¢,,(C) given by the
map )

£ Hipi)(Fln(C); Z) — H*(Fn(C); Z) (9)

and defined by
f1Xo] = [X°] € H*(F£,(C)) (10)

called the Schubert class [4].

The Poincaré map f enables one to identify each graded piece of the cohomology

ring H*(F,(C);
Z) with the homology group H,_(F¥,(C);Z). Thus, the Schubert classes forms
additive Z basis that generates the cohomology ring H*(F¥,(C);Z). The basis for
the cohomology ring are the geometric basis and the algebraic basis. The degree of
[X,] is 2dim[X,] = 2I(0) .

The k'~ Betti number, b, = dim**(F¢,(C);Z), 0 < k < dimF,(C). That is
the number of generators of each of the graded piece of the cohomology ring F¢,,(C)
gives bi. The algebraic basis for the cohomology of the ring F¢,,(C) is described as
follows:
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Definition 1 ([4]). A Symmetric function of a polynomial ring Z[x1, 2, - ,xy] in
T1,T9, - , Ty variables over an integral domain Z is symmetric if it is invariant for
every permutation e; € S,.

Proposition 1 ([4]). The cohomology ring H*\?)(F¢,(C);Z) is generated by the
basic classes x1,- -+ ,zy subject to the relations e;(x1,--+ ,x,) =0 for1 <i <n. The
i1, o

classes x'w:? - - - xlm with exponents i; < m—j form a Z basis for H?)(Fe,(C); 7).

The flag varieties are generated by the basic classes with generators 1, z9, x3, 4
as in the following:

Example 3. The H*)(F(,(C); Z) = Zlxy, x9, -, x0) /I, for I = {e(x1,-- ,2n)),
where 1 < i < n and e; is the ith elementary symmetric function. For Ft,(C) = Vg,
HM )N (FU4(C); Z) =2 Zlwy, xo, 3, 4] /T = (€1, €9, €3, e4) since the cohomology ring is
a graded ring it tmplies that,

H*(Fe4(C); Z2) = @ H*(F4(C); Z). (11)
k=0
where 0 < k < 6.
Observe that:
o Fork=0,H*(Ft4C);Z)=H?* =1

o Fork=1,H%*

I
T
[\
—
I
8
o
8
v
8
£

I
T
IIM

o Fork=2 H%* 22,23, 173, 1172, T2T3).

3,2 2 2 2
Xy, TiT2, THT1, T1T2T3, T{T3, T5L3).

OFO?“]C:4,H2k 3 3 2,2 .2 2 >

T1X2, LT3, T1Xo, L1T2X3, T1T5T3

w

o Fork=5 H%*

(Fu(C); Z)
(Fu(C); Z)
(Fu(C); 2)

e Fork =3, H?(Ft4(C);Z) = H*3 =
(FLu(C); Z)
(Fly(C); Z) w322, w3woxs, virdxs).
(Fu(C); Z)

o Fork=06,H%*

2. THE PALINDROMIC POINCARE POLYNOMIAL METHOD AND
KAZHDAN-LUSZTIG POLYNOMIALS

We start this section with some definitions and theorems of interest. The Poincaré
polynomials which was first used in ([1]) to determine smoothness and singularities
of Schubert varieties.
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Definition 2 ([5]). For a complex algebraic variety X, its Poincaré polynomial is
given by

Po(t) = S dime(H(X))E (12)
i>0

where H'(X) is the singular homology of X.

Definition 3 ([2]). The Poincaré polynomial of a Schubert variety (X,) is said to
be the rank generating function for the interval [id, o], where the rank is the number
of inversions then P,(t) = Y ., ') where the sum is over all elements v < o in
the Bruhat-Chevalley order on W where W is the wehl group.

If W containing a set S € (W, .S) is a coxeter system then W is a coxeter group.
The Wehl group is a coxeter group. It was mentioned in [1] that the Poincare
polynomial is Palindromic (also see [2])

A Poincaré polynomial p(t) = vy + vit + --- + v,t" is Palindromic if for v < o
and I(v) < I(o) then p(t) = t"p(t~1).

Theorem 2. [5] Let (W, S) be an arbitrary Cozxeter system. For v <y <o
H{re Rjv<ry<o}>lo)—1v). (13)
A result on the notion of a smooth Palindromic polynomial is as stated in [1]

Theorem 3. [1] For any permutation o € S, the Schubert variety X, is smooth if
and only if the Poincaré polynomial is Palindromic.

The Kazhdan-Lusztig polynomial is a polynomial in one variable that has the
following properties:

1. Pyy(t) =0if v <o
2. The number of edges connected to P, ,(t) is less or equal to £ (I(o) —I(v) — 1);
3. Pro(t)=1.
4. Pyo(t) #0 v <o.
The following are equivalent for any v < ¢ in W [6]
1. X, is rationally smooth at e,,
2. Poo(t)y=1forallv <z <o.
Theorem 4. [8] Let IH(o) be the intersection cohomology sheaf of X, with respect

to middle perversity, then

30



A.P. Adetunji, H.P. Adeyemo, D.O.A. Ajayi, S.A. llori — Smoothness ...

1. Pys(t) = S dim(TH*(X,)v)q" which implies that the coefficients of P, ,(t)
are nonnegative;

2. P, ()t = > <o dim(TH*(X,))q" Which implies palindromic symmetric;

3. Pyo(t) =1 for every v < o if and only if X, is rationally smooth. and this
will be taken to be the definition for rational smoothness.

3. MAIN RESULTS

Theorem 5. Let 0 € Z'} be the monomial exponent of the X, then the following
are equivalent:

(i) The Schubert variety X, is rationally smooth at every point.(since smoothness
in type A is equivalent to rational smoothness);

(ii) The Poincaré polynomial P, (t) is Palindromic;

(iii) The Bruhat graph U'(id, o) is reqular, that is every vertex has the same number

of edges, I(o).

Proof. We show

For the case i = it

Suppose X, is rationally smooth at every point then we must show that the
Poincaré polynomial is symmetric.

As X (o) is rationally smooth,

P,,(t)=1,V,v<o. (14)

From the definition (2)

P,(t) =Y dimH*(X(o))t' = > #)P, (1) (15)

v<o

which is a Palindromic polynomial.
Since P, »(t) = 1,V,v < o we have,

Py(t) =Y tWP, () =D (16)

v<o v<o

is Palindromic.

Next we show that (i) = (i)
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Assume P, (t) is symmetric then we must show that every vertex has the same
number of edges (o).

Since P,(t), is Palindromic, then

1O P, (1) = Py (1), (17)
S0 = py() = SO, (18)
v<o v<o
i.e
Z(tl(a)—l(v) _ tl(U)) = 0. (19)
v<o

Taking the derivative of (19), we have

> (o) = )= ()= = o, (20)

v<o

For ¢t =1, (20) becomes

> (Uo) = 1(v)) = (). (21)
Now, let v € W, by Theor;m 2, l(v) =8{r E_R, lrv < v}

i.e.

Zl(v):Zﬁ{r6R,|rv<v}=2ﬁ{r6R,|v<rv§a} (22)

v<o v<o v<o

From Deodhar’s Inequality, [5] we have that

HreR |z <ry<o}>l(o)—Il(x),V,z <y<o. (23)

If x =y,
tH{re R, ly<ry<o}>l(o)—I(y),Vy <o. (24)

Thus (22) becomes

Y =) #HreRp<rv<o} > I(o)—1l(v) =Y I(v). (25)

v<o v<o v<o v<o
Y o) —lw)=> #HreRv<rv<ol (26)
v<o v<o
Hence,
llo)=1lv)+t{re R, Jv<rv<o},V,v<o. (27)
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= number of edges of vertex v < o.

Next, we show that
Suppose that every vertex of I'(id, o) has the same number (o) of edges, then

we must show that X, is rationally smooth at every point. That is P, ,(t) =1

Forv <o
We show by induction on I(0) — I(v) = k and by the definition of smoothness.

For k =0,1,2,3

From (16)
d o)—l(v -
gg[l() WPt imi= Y. Pro(l) (28)
reRlv<rv<c
ie.
d s o
@[ (1+ ﬁ)]tzl = Z Proo(l) =3+ o (29)
reRlv<rv<c

Now, for 7 € R and v < rv < . Observe that

l(v) < I(rv)
l(v) <l(rv) —1
—l(rv) < =l(v) =1
o) =1(rv) <l(o)=l(v) —1=3-1=2.

By definition of smoothness of type A Schubert varieties, Py ,(t) =1, for r € R

such that v < rv < o and so

Z Poyo(l) = Z (1)=t{r e Rlv<rv <o} (30)

réR|v<rv<c réR|v<rv<c

=l(o) —Il(v) = 3. (31)

Combining (29) and (31) we have
3+a=3, (32)

i.e
a=0. (33)
Hence

P,,(t) =1+ at =1,Vt. (34)

Assume that P, , = 1 is true for all I(o) —[(v) < k—1. For some k > 1, we want

to show that P, , = 1.
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For I(o) — l(v) = k.
Let
f(t) = TP o (72) — 1] (35)

Where I(0) —l(v) =k >1,s0v <0
It is easy to see that, P, ,(t) has degree 3(I(0) —l(v) — 1), and P, ,(0) =1

i.e,
L(U@)—1(v)-1)
Pos(t)= > ot (36)
1=0
with ag = P, 4(0) = 1.
So
L(0)=1(v)-1)
F&)y =@ N g (37)
i=0
1.e.
$(U(o)=1(v)-1) 1k-1)
(@) =1(v) Z gt~ = Z aitk—zz" (38)
=1 1=1

where k =1(0) — I(v) .
Observe that
1<i<3k—-1)=2<2i<(k—-1)=>1-k<-2i<-2=1<k—2i< (k)
Hence, f(t) is a polynomial with no constant term.
By Deodhar inequality [5], and differentiating with respect to t at ¢ = 1 we have

d

%[ l(g)il(v)Pv,a(tiz)]tzl = Z Prv,a(l)- (39)
reRv<rv<o
| PO = Y Pa) - [i(0) — ()] (40)
reéR|v<rv<c

Let r € R be such that v < rv < o,

v<rv=1(v) <l(rv)
= l(v) <l(rv) —1
= —l(rv) < —=l(v) —1
=1(o) —l(rv) <l(o) —l(v) —1=k—1.

So from the induction hypothesis P, (1) = 1, we have

F=3% 1-[e)-1lw) (41)

reR|v<rv<oc
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ie.

H{re Rlv<rv<o}—[l(c)—1(v)]=0. (42)
From (37) and (38) we have
3(k=1)
fy= Y ait™® (43)
i=1
ie
1(k-1)
Poo(t) = Y ajt’ (44)
i=0
and so
3(k=1)
F= > aik—2i)=o. (45)
i=1

The coefficients «; of the Kazhdan-Lusztig polynomials [5] are non negative and
k—2i>1,Yi
Hence «; = 0,Vi So, f(t) =0,V i.e.

=P, L (t72) = 1] = 0,Vt (46)

i.e.

P, ,(t) =1,Vt. (47)

which shows that the Schubert variety X, is rationally smooth at every vertex
Hence smoothness in type A.

Example 4. For the Schubert variety where o is the exponent of the monomials of
the X, for the permutation of S4, we have the Bruhat order.
Observe that

P, (Fl4(CT),t) = % + 3> 4+ 5t* + 6¢3 + 52 + 3t + 1. (48)
1 35 6 5 3 1)
Clearly, Fl4(C) is smooth.

Example 5. For the X, where o is the exponent of the monomials of the X, for
the permutation of Sy, we Show that X, is smooth if it is palindromic .
Applying the definition of Schubert varieties we have

X321 = U Cy (49)
v,(3,2,1),€Z w<(3,2,1)
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(3,2,1)
/\
3,1,1 221
( M X\‘\\
3,0,1)  (3,1,0) (2,2,0) (1,

(0,2,1) ~ (3,0,0) (1,2,0) (2,0,1) (2,1,0)

\

(0,2,0) (0,1,1) — (1,0,1)  (2,0,0)
(0,0,1)  (0,1,0)  (1,0,0)

\\/

(0,0,0)

L1

/mﬂ

Figure 1: Bruhat graph for the exponents of the monomials of X,

X321 =0C321UC320UC31,1UC221UC301UC31,0UC220UCi,21
UC21,1UCo21UC300UC120UC201UC21,0UC11,1UCo20
UC0,1,1UC1,01UC200UC1,1,0UCo,01UCo1,0UC11,0UCo0,0-

The Poincaré polynomial of the Schubert variety X321 is given by
Pso1(t) =1+ 3t + 5t% + 6t 4 5t + 37 + 5. (50)
Hence, the Schubert variety is smooth since the Poincaré polynomial is Palindromic.

Remark 3. When showing smoothness and singularity of Schubert variety using the
exponent of its monomials ;

(i) Smoothness is understood in terms of the exponents of the monomial of the
Schubert variety.

(i) The sum of each exponent of a monomial term gives the length of the Schubert
variety.
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(iii) The addition of the exponent term on same row gives the coefficient of the
Poincaré polynomial.

(iv) The sum of the exponent terms are reducing as we move down the bruhat order.

We have successfully shown smoothness of type A Schubert varieties using the
exponents of the monomials of theSchubert varieties. Thus extends the underlying
group from S, to Z; in paper of [1] and references therein.
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